Comparison of Space Shuttle Orbiter low-speed static stability and control derivatives obtained from wind-tunnel and approach and landing flight tests by Freeman, D. C., Jr. & Spencer, B., Jr.
NASA Technical Paper 1779 
Comparison of Space Shuttle Orbiter 
Low-Speed Static Stability and Control 
Derivatives Obtained From Wind-Tunnel 
and Approach and Landing Flight Tests 





NASA Technical Paper 1779 
Comparison of Space Shuttle Orbiter 
Low-Speed Static Stability and Control 
Derivatives Obtained From Wind-Tunnel 
and Approach and Landing Flight Tests 
Delma C. Freeman, Jr., and Bernard Spencer, Jr. 
Langley Reseurch Ceizter 
H a  mp to iz, Virgil1 ia 
NASA 
National Aeronautics 
and Space Administration 




Tests have been conducted i n  t h e  Langley 8-Foot Transonic  Pressure Tunnel 
to o b t a i n  wind-tunnel data f o r  comparison with s t a t i c  s t a b i l i t y  and c o n t r o l  
parameters  f r a n  t h e  Space S h u t t l e  Orbiter approach and landing  f l i g h t  tests. 
The l o n g i t u d i n a l - s t a b i l i t y ,  e levon-effect iveness ,  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y ,  
and a i l e ron -e f f ec t iveness  d e r i v a t i v e s  have been determined f r a n  t h e  wind-tunnel 
data and compared wi th  the  f l i g h t - t e s t  results. The comparison covers  a range 
of angles  of attack f r a n  approximately 2O t o  l o o  a t  subsonic  Mach nunbers 
of 0.41 t o  0.56. 
In  genera l ,  the  canparison showed t h a t  t he  wind-tunnel and f l i g h t - t e s t  
results agreed q u i t e  w e l l .  This  i n d i c a t e s  the s t a b i l i t y  and c o n t r o l  charac- 
terist ics p red ic t ed  with t h e  wind-tunnel results appear to  be adequate f o r  
en t ry-vehic le  design fo r  subsonic  Mach numbers i n  t h e  angle-of-at tack range 
of the canparison. 
INTRODUCTION 
The Space S h u t t l e  Orbi te r  approach and landing t e s t  (ALT) program has 
been completed, and aerodynamic f l i g h t - t e s t  data ( r e f s .  1 and 2) have become 
a v a i l a b l e  f o r  a n a l y s i s  and f o r  canparison with wind-tunnel data .  Canparison 
of wind-tunnel da ta  wi th  the  ALT resul ts  o f f e r s  an oppor tun i ty  to  assess the  
v a l i d i t y  of using wind-tunnel resul ts  i n  p red ic t ing  t h e  s t a b i l i t y  and con t ro l  
c h a r a c t e r i s t i c s  fo r  the  f u l l - s c a l e  o r b i t e r  i n  t h e  subsonic  speed regime. To 
o b t a i n  t h e  wind-tunnel values  of s ta t ic  long i tud ina l  and l a t e r a l - d i r e c t i o n a l  
s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  a t  condi t ions c l o s e l y  approximating those  
of t h e  ALT f l i g h t s ,  a 0.02-scale model of the  orbiter wi th  remotely dr iven  
elevons,  a i l e r o n s ,  rudder ,  and body f l a p  was tested i n  t h e  Langley 8-Foot 
Transonic  Pressure Tunnel. 
Because of the na ture  of the ALT f l i g h t  progran, a l l  of the data obta ined  
are f o r  a Mach nmber  range f r a n  0.41 to 0.56 and are f o r  an angle-of-attack 
range f r a n  approximately 2O t o  1 Oo. 
s t a b i l i t y  and elevon and a i l e r o n  con t ro l  e f f ec t iveness  have been obta ined  i n  
the  wind tunne l  where the  f l i g h t  values  of the  angle  of at tack, Mach number, 
trimned elevon de f l ec t ion ,  body-flap de f l ec t ion ,  and speed-brake p o s i t i o n  
were dup l i ca t ed  as c l o s e l y  as poss ib le .  
made of t h e  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  determined f r a n  t h e  ALT 
f l i g h t s  and the  Space S h u t t l e  Orbiter design data book ( r e f .  3 ) ,  and t h e  
results are presented herein.  
Longitudinal and l a t e r a l - d i r e c t i o n a l  
With these  d a t a  a canparison has been 
SYMBOLS 
Both t h e  l o n g i t u d i n a l  and t h e  l a t e r a l - d i r e c t i o n a l  data are referred to  
the body system of axes. The o r i g i n  of the  a x i s  was l o c a t e d  to correspond - ~- 
pos i t i on  of t h e  manent re ference  center  shown i n  f i g u r e  1 .  
re fe rence  wing span, m 
rolling-manent c o e f f i c i e n t ,  Ro l l ing  manent / sSb  
e f f ec t ive -d ihedra l  parameter, ACz/AB, B = Oo and lo, per degree 
ro l l - con t ro l  e f f e c t i v e n e s s ,  ACZ/Aga, per degree 
pitching-manent c o e f f i c i e n t ,  P i t c h i n g  manent/sSE 
= AC,,,/Aci, per degree 
= AWAG, per degree 
normal-force c o e f f i c i e n t ,  Normal f o r c e / L S  
= ACN/Aa, per degree 
= ACN/AGe, per degree 
yawing-manent coef f i c i e n t  , 
d i r e c t i o n a l - s t a b i l i t y  parameter, ACJAB ( B  = Oo 
yawing-manent due to  a i l e r o n  d e f l e c t i o n ,  
side-force c o e f f i c i e n t ,  S ide  f o r c e / s S  
Yawing manent/GSb 
ACn/A6a, 
d 1 O )  , per degr 
per degree 
s ide-force parameter, ACy/AB ( B  = Oo and lo), per degree 
= hcY/A6,, per degree 
mean aerodynamic chord, m 
body length ,  m 
free-stream Mach number 
free-strean dynamic pressure, N/m2 
reference area, m* 
angle of attack, deg 
angle  of s i d e s l i p ,  deg 
6a a i l e r o n  d e f l e c t i o n  angle ,  ( L e f t  elevon - r i g h t  e levon)/2,  deg 
10.1 
6 . 0  
4.2 
2.4 
~ B F  body-flap d e f l e c t i o n ,  p o s i t i v e  for  t r a i l i n g  edge down, deg 
0.41 3.5 -0.5 2.9 
1 . 8  
2.2 I 4 . 4  .56  3.5 .52 3.5 .51 43.0 
6e elevon d e f l e c t i o n ,  positive f o r  t r a i l i n g  edge down, 







6 ,  speed-brake d e f l e c t i o n ,  deg 
3.5 -0.5 2.9 
2.2 
2.2 
1 . 4  1 4 . 4  1 43.0 
VEHICLE DEFINITION AND TEST CONDITIONS 
Drawings of the 0.02-scale model used i n  t h e  wind-tunnel tests and Orb i t e r  
101 used i n  t h e  f l i g h t  tests are presented i n  f i g u r e s  1 and 2. A photograph 
of Orb i t e r  101 i n  f l i g h t  is presented i n  f igu re  3. The 0.02-scale wind-tunnel 
model and Orb i t e r  101 have i d e n t i c a l  l i n e s  except  f o r  i n s t a l l a t i o n  of a nose 
probe f o r  t he  f l i g h t  tests. The m o d e l  was cons t ruc ted  wi th  the  c a p a b i l i t y  
to remotely set t h e  elevons,  ai lerons,  body flap, and rudder.  This  remote 
c a p a b i l i t y  allowed easy  dup l i ca t ion  of f l i g h t  va lues  of elevon, body-flap, 
a i l e r o n ,  rudder,  and speed-brake de f l ec t ions .  In both t h e  f l i g h t  and wind- 
tunne l  tests, da ta  were obta ined  a t  trimmed elevon d e f l e c t i o n s  f o r  speed- 
brake s e t t i n g s  of 3.5O and 43O. 
is  presented  i n  t a b l e  I. 
A l i s t  of t h e  wind-tunnel test  condi t ions  
TABU 1.- WIND-TUNNEL TEST CONDITIONS 
-_ 
1 I I I 
1 I I I I 
The Reynolds number based on m o d e l  l eng th  f o r  t h e  wind-tunnel tests va r i ed  
f r a n  7 to  9 x 106 canpared with 350 to  625 x l o 6  f o r  t h e  f l i g h t  test. 
d e s c r i p t i o n  of the  Langley 8-Foot Transonic Pressure  Tunnel is given i n  refer- 
ence 4. For a l l  of t h e  wind-tunnel tests, boundary-layer t r a n s i t i o n  s t r ips  
0 . 1 6  cm wide were applied to  the  model. The s t r i p s  cons i s t ed  of s p a r s e l y  dis- 
t r i b u t e d  carborundun g ra ins ,  those  with No.  100 g r a i n s  l o c a t e d  1 . 2 7  an (measured 
A 
3 
streamwise) fran the lead ing  edge of a l l  l i f t i n g  s u r f a c e s  and those wi th  
No.  120 g ra ins  loca t ed  3.05 an a f t  of t h e  nose. The s i z e  of t he  carborundum 
g r a i n s  was determined wi th  t h e  s i z i n g  methods of r e fe rence  5. The es t imated  
accuracy of t he  wind-tunnel d a t a  is presented  i n  t a b l e  11. 
Par am eter 







RESULTS AND DISCUSSION 
A comparison of the s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  measured i n  t h e  
wind tunnel  with those  measured by both t h e  A i r  Force and NASA i n  ALT f l i g h t s  4 
and 5 ( r e f s .  1 and 2) as w e l l  as those presented  i n  t h e  o r b i t e r  aerodynamic 
design data book (ref .  3 )  are presented  i n  f i g u r e s  4 to 7. The bas i c  wind- 
tunne l  data are presented  i n  the  appendix. The values  f r a n  re ference  3 are  
fran averaging a l a r g e  v o l m e  of data obta ined  p r i o r  to  t h e  ALT f l i g h t s .  
These values have been co r rec t ed  f o r  aeroelastic e f f e c t s .  The resu l t s  of 
t h e  wind-tunnel tests, which have not been corrected f o r  aeroelastic e f f e c t s ,  
provide a d i r e c t  comparison of wind-tunnel and f l i g h t - t e s t  data measured for 
t h e  same conf igura t ion  (i.e.,  e levon,  rudder, speed-brake, and body-flap def lec-  
t i o n ) .  Each of the  f l i g h t - t e s t  d a t a  p o i n t s  r ep resen t s  a s p e c i f i c  Mach nunber 
and angle  of attack. 
i n  r e f .  3) is presented  i n  t h e  comparison f i g u r e s .  These v a r i a t i o n s  are deter- 
mined f r a n  wind-tunnel and f l i g h t - t e s t  data f r a n  previous a i r c r a f t  t h a t  have 
basic s i m i l a r i t i e s  with t h e  Space S h u t t l e .  (See r e f .  2 . )  
A band of unce r t a in ty  labeled "Var ia t ions"  (def ined  
Longi tudinal  S t a b i l i t y  and Cont ro l  
Canparisons of the  l o n g i t u d i n a l - s t a b i l i t y  and c o n t r o l  d a t a  are presented  
i n  f i g u r e s  4 and 5. The l o n g i t u d i n a l - s t a b i l i t y  da t a  presented  i n  f i g u r e  4 
show the  orbiter to be s l i g h t l y  s table  wi th  t h e  r e fe rence  cen te r  of g r a v i t y  
(0.652) f o r  both t h e  f l i g h t  and wind-tunnel r e s u l t s .  The canparisons also 
show t h a t  the l o n g i t u d i n a l  s t a b i l i t y  determined f r a n  t h e  wind-tunnel tests 
f a l l s  wi th in  t h e  accuracy band (ref.  1 )  p resented  f o r  t h e  ALT f l i g h t  data, 
i n d i c a t i n g  good agreement between the  wind-tunnel data and both sets of f l i g h t  
data. The values of Cmcl and the  v a r i a t i o n s  ob ta ined  f run  r e fe rence  3 f o r  
4 
Mach numbers of 0.4 and 0.6 are also presented. I n  genera l ,  the  data-book 
values ( r e f .  3 )  i n d i c a t e  a lower l e v e l  of s t a b i l i t y  over t h e  test angle-of- 
attack range than e i t h e r  the f l i g h t  or wind-tunnel results. I n  a l l  cases, 
both the  wind-tunnel and f l i g h t - t e s t  values of 
band. 
C, f a l l  w i th in  t h e  v a r i a t i o n  
There are t h r e e  sets of f l i g h t - t e s t  values of Ch presented  i n  t h e  com- 
pa r i son  i n  f i g u r e  4. Reference 1 provided data t h a t  were e x t r a c t e d  wi th  
both a primary and a back-up acce lerane ter ,  whereas on ly  one set of data is 
presented  f r an  re ference  2. Both re ferences  1 and 2 describe sane  s p e c i f i c  
data-measurement problems t h a t  a f f e c t e d  t h e  accuracy of e x t r a c t i n g  c e r t a i n  
derivatives. Reference 1 i n d i c a t e s  t h a t  t h i s  accuracy problem does a f f e c t  C N ~  
and, t h e r e f o r e ,  both t h e  primary- and the  backup-acceleraneter d a t a  are pre- 
sen ted  wi th  no m n c l u s i o n  as to which is more accura te .  The canparison 
of t h e  wind-tunnel r e s u l t s  with the  f l i g h t - t e s t  da t a  does not  r e i n f o r c e  t h e  
accuracy of e i t h e r  set of f l i g h t - t e s t  data. The o n l y  conclus ion  t h a t  can be 
drawn a b o u t  CNa 
of re ference  3 and t h a t  the f l i g h t - t e s t  data do d i f f e r  f r a n  the  data-book 
values  but do not  f a l l  ou ts ide  of the va r i a t ion  band. Th i s  is e n t i r e l y  consis-  
t e n t  with t h e  design philosophy because v a r i a t i o n s  are a best guess of the  
u n c e r t a i n t i e s  of using wind-tunnel d a t a  to p r e d i c t  f l i g h t  c h a r a c t e r i s t i c s .  
is t h a t  t h e  wind-tunnel data agree  wi th  the  data-book values  
Canparisons of the  pitching-manent c o e f f i c i e n t s  due t o  elevon d e f l e c t i o n  
and normal-force c o e f f i c i e n t s  due to elevon d e f l e c t i o n  C N ~  measured 
i n  the  wind tunne l  and e x t r a c t e d  fran t h e  ALT f l i g h t - t e s t  da t a  are presented  
i n  f i g u r e  5. Genera l ly  t he  canparison shows very good a g r e m e n t  between t h e  
values  of determined f r an  f l i g h t ,  t he  wind tunnel ,  and t h e  d a t a  book 
( r e f .  3 ) .  As with the  canparison of C N ~  values ,  t h e r e  is cons iderable  
scatter i n  the  f l i g h t - t e s t  da t a ,  and because of t h i s  scatter no real conclu- 
s ion  can be drawn about  its accuracy. There are no v a r i a t i o n s  presented  i n  
re ference  3 for CNGe. 
e 
6e 
Later a l - D  irec t i o n a l  S t a b i l i t y  and Cont ro l  
The l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  par meter s CnB, C z B ,  and CyB de ter -  
mined fran t h e  wind-tunnel tests are canpared with t h e  f l i g h t - t e s t  r e s u l t s  
f r a n  both r e fe rences  1 and 2 i n  f i g u r e  6. The ccmparison shows e x c e l l e n t  
a g r e m e n t  between wind-tunnel and f l i g h t - t e s t  values  of t h e  e f f ec t ive -d ihedra l  
parameter but shows d i f f e rences  of approximately 15  pe rcen t  f o r  t h e  
C z B  
d i r e c t i o n a l -  s t a b i l i t y  par an eter CnB. The side-force p a r m e t e r  CyB shows 
about the same agreement between the  f l i g h t - t e s t  and wind-tunnel r e s u l t s  as 
f o r  C The f l i g h t - t e s t  and wind-tunnel values  of C and CyB g e n e r a l l y  "B' "B 
5 
1 B' 
agree  with the  data-book values of re ference  3, bu t  f o r  sane cases f o r  C 
the data-book values  are 15  percent  higher than both t h e  f l i g h t - t e s t  and wind- 
tunnel  r e s u l t s .  A l l  of the f l i g h t - t e s t  and wind-tunnel l a t e r a l - d i r e c t i o n a l  
data f a l l  wi th in  the v a r i a t i o n s  e s t a b l i s h e d  i n  r e fe rence  3. 
Presented i n  f i g u r e  7 are canparisons for the  r o l l - c o n t r o l  e f f e c t i v e n e s s  
which s h w  t h a t  C and the yawing manent due to a i l e r o n  d e f l e c t i o n  C 
both sets of f l i g h t - t e s t  values ,  wind-tunnel r e s u l t s ,  and aerodynamic design 
data-book p red ic t ions  agree q u i t e  w e l l .  S ince  CY is determined f r a n  t h e  
&a 
la te ra l  acce le ra t ion ,  which is a d i f f i c u l t  paraneter to measure i n  f l i g h t ,  t he  
f r a n  r e fe rences  1 and 2 show cons iderable  scatter 
&a 
f l i g h t - t e s t  values of C 
i n  the  f l i g h t - t e s t  r e s u l t s .  The aerodynamic data-book va lues  agree  better wi th  
t h e  wind-tunnel r e s u l t s  than with t h e  f l i g h t - t e s t  values .  A t  angles  of attack 
f a l l  ou t s ide  of the v a r i a t i o n  of 3.8O and 1 0 . l o  t h e  f l i g h t - t e s t  d a t a  for 
band, but the accuracy band of t h e  f l i g h t - t e s t  da t a  i n d i c a t e s  it could f a l l  





The r e s u l t s  of a canparison of the wind-tunnel-measured s t a b i l i t y  and con- 
trol  de r iva t ives  and those determined f r a n  t h e  Space S h u t t l e  Orbiter approach 
and landing f l i g h t  tests have shown tha t :  
1 .  I n  genera l ,  except  f o r  t h e  nonnal-force d e r i v a t i v e s  CN, and t h e  
s ide- force  due to  a i l e r o n  d e f l e c t i o n  d e r i v a t i v e s  
known accuracy problems for t h e  f l i g h t - t e s t  data, t h e  wind-tunnel test r e s u l t s  
and the  f l i g h t - t e s t  data agree  q u i t e  w e l l .  
Cysa f o r  which t h e r e  are 
2. The genera l  good agreement between t h e  da t a  determined fran t h e  wind- 
tunne l  tests and the f l i g h t  tests i n d i c a t e s  t h a t  the  s t a b i l i t y  and c o n t r o l  
cha rac t e r  istics p red ic t ed  with t h e  wind-tunnel resu l t s  appear to be adequate  
a t  subsonic  Mach n m b e r s  f o r  en t ry-vehic le  design f o r  t he  law-angle-of-attack 
range of the canparisons.  
Langley Research Center 
Nat iona l  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 




The r e s u l t s  of tests to o b t a i n  data for  comparison wi th  the  ALT f l i g h t -  
tes t  data are presented  i n  f i g u r e s  8 t o  1 1 .  The l o n g i t u d i n a l - s t a b i l i t y  and 
e levon-ef fec t iveness  data are presented i n  f i g u r e s  8 and 9. The resu l t s  of 
f i g u r e  8 show t h a t  a t  t h e  manent re ference  center  of t h e  data (0.652) t h e  
o r b i t e r  is s l i g h t l y  s t a b l e  over t he  test angle-of-attack range. The elevon- 
e f f e c t i v e n e s s  da t a  presented  i n  f i g u r e  9 show t h a t  f o r  a l l  Mach nunbers t e s t e d ,  
t h e  v a r i a t i o n  of pitching-manent c o e f f i c i e n t  w i th  elevon d e f l e c t i o n s  is l i n e a r .  
The l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  da t a  are presented  i n  f i g u r e  10 .  These 
data show t h a t  f o r  a l l  test Mach numbers and angles  of attack C is p o s i t i v e  
and, t h e r e f o r e ,  t h e  veh ic l e  is d i r e c t i o n a l l y  s t a b l e .  The C is negat ive ,  
which i n d i c a t e s  p o s i t i v e  e f f e c t i v e  d ihedra l .  The offset  i n  the  rolling-manent 
c o e f f i c i e n t  a t  zero  s ides l ip  is due t o  an assymmetry i n  the  elevon p o s i t i o n  
a t  zero d e f l e c t i o n .  Measurenents made a f t e r  t he  tests showed t h a t  a t  zero 
elevon d e f l e c t i o n ,  t h e r e  was a c t u a l l y  a d i f f e rence  i n  elevon pos i t i on  corre- 
sponding to  an a i l e r o n  d e f l e c t i o n  of -0.5O. 
"6 
26 
The a i l e ron -con t ro l  e f f e c t i v e n e s s  data  are presented  i n  f i g u r e  11 . These 
results show t h a t  t h e  rolling-moment c o e f f i c i e n t  C I  and the  yawing-manent 
c o e f f i c i e n t  Cn vary l i n e a r l y  wi th  a i l e ron  d e f l e c t i o n  f o r  small d e f l e c t i o n s  
where the  camparison d e r i v a t i v e s  were determined. The o f f s e t  i n  roll ing-manent 
c o e f f i c i e n t  a t  zero a i l e r o n  d e f l e c t i o n  is also caused by the -0.5O error i n  
t h e  zero  p o s i t i o n  of the elevons as previously discussed.  
7 
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Figure 4.- Comparison of wind-tunnel and f l i g h t - t e s t  va lues  
of Cmcl and CNU- See t a b l e  I for 6,, 6sB, and 6 ~ ~ .  
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Figure 5.- Comparison of wind-tunnel and flight-test values of the elevon 
effectiveness. See table I for 6, ~ S B ,  and ~ B F -  
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Figure 6.- Comparison of wind-tunnel and f l i g h t - t e s t  values  of the  l a t e r a l -  
d i r e c t i o n a l  s t a b i l i t y  parameter. See t a b l e  I f o r  &,, &SB, and &BF. 
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Figure 7.- C a n p a r  i son  of wind-tunnel and f l i g h t - t e s t  values  of t h e  a i le ron-  




a,  deg 
(a) M = 0.51; 6 , ~  = 43O; 6, = 4.4O. 
Figure 8.- Basic longitudinal wind-tunnel data. ~ B F  = -0.5O- 
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(b) M = 0.52; 6 , ~  = 3.5O; 6, = 2.2O. 
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( c )  M = 0.56; 6 s ~  = 3 . 5 O ;  6, = 1 . 8 O .  
Figure 8. -  Continued. 
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and%! 
(d)  M = 0.41;  6 , ~  = 3.5O; 6, = 2.9O. 
Figure 8.- Concluded. 
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(a) M = 0.51 ; Cy = 2 . 4 O ,  6 , ~  = 43O. 
Figure 9.- Elevon-effectiveness data. ~ B F  = -0.5O. 
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(b) M = 0.52; c1 = 4.2'; 6 , ~  = 3.5O. 
Figure 9.- Continued. 
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( c )  M = 0.56; c1 = 5.9O; 6 , ~  = 3.5O- 
Figure 9 .- Continued. 
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(d)  M = 0.41; C1 = 10.1O; 6 s ~  = 3.5O. 
Figure 9.- Concluded. 
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b,  deg 
(a) M = 0.53; (v. = 2.9O; 6, = 4.40; 6, = 43'.
Figure 10.- Lateral-directional stability data. 6 , ~  = -0.5O. 
-6 -4 -2 0 2 4 6 
B, deg 
(b) M = 0.56; C1 = 3.6O; 6, = 1.85O; 6 , ~  = 3 . 5 .  
Figure  10.- Continued. 
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0.53; c1 = 3.9O; 6, = 2.16O; 6 , ~  = 3.5O. 
Figure 10.- Continued. 
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(a) M = 0.49; = 6.9; 6, = 2.15; 6 , ~  = 3.5. 
Figure 10.- Continued. 
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(a) M = 0.53; c1 = 2.9O; 6, = 4.40; ~ S B  = 43O. 
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(b) M = 0.56; c1 = 3.6; 6, = 1.85; 6, = 3.5O. 
Figure 11.- Continued. 
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( c )  M = 0.53; CL = 3.9O; 6, = 2.16'; 6 s ~  = 3.5. 
Figure 11.- Continued. 
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(d) M = 0.49; Ci = 6.9O; 6, = 2.16O; 6 s ~  = 3.S0. 
Figure 11.- Continued. 
(e)  M = 0.41; c1 = 10.1O; 6, = 2.90°; 6, = 3.5O. 
Figure 11.- Concluded. 
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